Increased levels of karyopherin a2 (KPNA2) expression have been described to be linked to poor prognosis in a variety of malignancies. This study was undertaken to evaluate the clinical impact of KPNA2 expression and its association with key genomic alterations in prostate cancers. A tissue microarray containing samples from 11 152 prostate cancers was analyzed for KPNA2 expression by immunohistochemistry. Results were compared with oncological follow-up data and genomic alterations such as TMPRSS2-ERG fusions and deletions of PTEN, 5q21, 6q15 or 3p13. KPNA2 expression was absent or weak in benign prostatic glands and was found to be in weak, moderate or strong intensities in 68.4% of 7964 interpretable prostate cancers. KPNA2 positivity was significantly linked to the presence of ERG rearrangement (Po0.0001). In ERG-negative and -positive prostate cancers, KPNA2 immunostaining was significantly associated with advanced pathological tumor stage (pT3b/ pT4), high Gleason grade and early biochemical recurrence (Po0.0001 each). Multivariate analysis including all established prognostic criteria available after surgery revealed that the prognostic role of KPNA2 (P ¼ 0.001) was independent of high Gleason grade, advanced pathological tumor stage, high preoperative prostatespecific antigen level and positive surgical margin status (Po0.0001 each). The comparison of KPNA2 expression with deletions of PTEN, 5q21, 6q15 and 3p13 in ERG-positive and -negative cancers revealed a strong link to PTEN deletions in both subgroups (Po0.0001). In conclusion, the strong independent prognostic impact of KPNA2 expression raises the possibility that measurement of KPNA2 expression alone or in combination with other molecular parameters might possibly result in clinically useful information. The data also emphasize a critical role of the functionality of the nuclear import machinery for prostate cancer biology. Modern Pathology (2014) 27, 96-106; doi:10.1038/modpathol.2013.127; published online 26 July 2013
transporting cargo proteins and certain RNAs in and out of the cell nucleus. 2 Karyopherin a 2 (KPNA2) belongs to the karyopherin family and has been described to have an oncogenic role through the modulation of the subcellular localization of cargo proteins relevant for cancer. 3 KPNA2 is also suspected to be involved in cellular proliferation, differentiation, cell-matrix adhesion, colony formation and migration. [4] [5] [6] [7] Increased KPNA2 expression levels, as compared with normal tissue, have been described in various malignancies including breast cancer, 8 melanoma, 9 ovarian cancer 10 and astrocytoma. 11 Upregulation of nuclear KPNA2 protein expression was described in prostate cancer tissue and KPNA2 expression levels were found to be associated with PSA recurrence after radical prostatectomy in a cohort of 707 primary prostate cancer patients. 4 In vitro experiments demonstrated that inhibition of KPNA2 reduced proliferation and viability of PC3 cells. 4 In consequence of the detection of the TMPRSS2:ERG fusion prostate cancer is divided into subsets of fusion-positive and -negative tumors, which are linked to other genomic alterations, including deletions of PTEN and 3p13 in fusion-positive as well as deletions of 5q21 and 6q15 in fusion-negative cancers. [12] [13] [14] [15] [16] [17] [18] [19] As these deletions have all been linked to poor patient prognosis, [12] [13] [14] [15] [16] [17] [18] [19] we hypothesize that the prognostic value of KPNA2 might be modified by the presence or absence of these alterations. To learn more about the potential clinical utility of KPNA2 protein analysis and its association with known key molecular alterations in prostate cancer, a tissue microarray (TMA) containing 11 152 prostate cancer specimens with clinical follow-up and an attached molecular database was utilized. Our data demonstrate that high KPNA2 staining is a strong and independent prognostic marker in prostate cancer.
Materials and methods

Patients
Radical prostatectomy specimens were evaluable from 11 152 patients undergoing surgery between 1992 and 2011 at the Department of Urology, and the Martini Clinics at the University Medical Center Hamburg-Eppendorf. Follow-up data were available for a total of 9628 patients with a median follow-up of 36.8 months (range: 1-228 months; Table 1) . PSA values were measured following surgery and recurrence was defined as a postoperative PSA of 0.2 ng/ ml and increasing at first appearance. All prostate specimens were analyzed according to a standard procedure, including a complete embedding of the entire prostate for histological analysis. 20 The TMA manufacturing process was described earlier in detail. 21 All hematoxylin-and eosinstained histological sections from all prostatectomy specimens were reviewed for the purpose of this study and the tumors were marked on the slides. One 0.6-mm tissue core was punched from a preselected area of each tumor and transferred into a TMA. The punch site was selected to contain the highest possible fraction of tumor cells. The tissues were distributed among 24 TMA blocks, each containing 144-522 tumor samples. The presence or absence of cancer tissue was validated by immunohistochemical AMACR and 34BE12 analysis on adjacent TMA sections. For internal controls, each TMA block also contained various control tissues, including normal prostate tissue. The molecular database attached to this TMA contained results on ERG expression in 9628 ERG break-apart fluorescence in situ hybridization (FISH) analysis in 6106 (expanded from Minner et al 22 ) , and deletion status of 5q21 in 3037, 16 6q15 in 3528 (expanded from Kluth et al 15 ) , PTEN in 6130 17 and 3p13 in 1290 (unpublished data) tumors. 
Results
Technical Issues
A total of 3188 of 11 152 arrayed tissue samples (28.6%) were non-informative for KPNA2 IHC because of the complete lack of tissue or absence of unequivocal cancer cells.
IHC of KPNA2
KPNA2 expression was found predominantly in the nucleus rarely accompanied by even lower staining levels in the cytoplasm of the cells. KPNA2 expression was absent or showed weak staining intensity in benign prostatic glands. The expression level of KPNA2 was thus higher in malignant prostate compared with benign tissue. In prostate carcinoma, positive KPNA2 staining was found in 5443 of our 7964 interpretable prostate cancers (68.3%) and was considered weak in 32%, moderate in 17.8% and strong in 18.5% of cases. Representative elements of a TMA stained with KPNA2 antibody are given in Figure 1 . Figure 1 Representative elements of (a) absent and (b) strong KPNA2 expression in prostate cancer.
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KPNA2 vs ERG Status
To evaluate whether KPNA2 expression is linked to ERG status in prostate cancers, we took advantage of our TMA-attached database, including data on TMPRSS2-ERG fusion status obtained by FISH in 5036 tumors and by IHC in 7787 tumors for which KPNA2 staining was also available. Increased KPNA2 expression was strongly associated with the presence of TMPRSS2-ERG rearrangement and ERG protein expression (Po0.0001 each; Figure 2 ). Accordingly, the relationship between KPNA2 expression and histological phenotype and clinical cancer features was calculated separately for ERGpositive and -negative prostate cancer subsets (Tables 2 and 3 ). In both groups, high KPNA2 expression was significantly associated with unfavorable tumor phenotype. Increased KPNA2 expression was tightly linked to advanced tumor stage (Po0.0001 each), high Gleason grade (Po0.0001 each) and positive nodal involvement (Po0.0001 and P ¼ 0.0325) ( Tables 2 and 3) .
Relationship with Other Key Genomic Deletions in ERG-Positive and -Negative Prostate Cancers
Recent studies have provided evidence for distinct molecular subgroups of prostate cancers defined by TMPRSS2-ERG fusions and several genomic deletions. We and others have described a strong link of PTEN and 3p13 deletion to ERG positivity and of 5q21 and 6q15 deletions to ERG negativity. [12] [13] [14] [15] [16] [17] [18] [19] To evaluate whether KPNA2 staining might be particularly linked to one of these genomic deletions, immunohistochemical results were compared with pre-existing findings on PTEN, 3p13, 6q15 and 5q21 deletions. The analysis of all tumors demonstrated significant associations or at least strong trends of KPNA2 expression to these deletions ( Figure 3 ). A subsequent subgroup analysis of ERG-positive and -negative cancers revealed that a strong association between KPNA2 expression and PTEN deletions was retained in both subgroups (Po0.0001; Figures 4 and 5) . Within ERG-negative cancers, there was also a strong association of both 6q15 and 5q21 deletions with high KPNA2 expression (Po0.0001 each; Figure 4 ).
Relationship with PSA Recurrence
Follow-up data were available for 6853 patients with informative KPNA2 data. Strong KPNA2 staining was related to early biochemical recurrence in all Karyopherin a 2 in prostate cancer
Discussion
The results of our study identify KPNA2 expression as a potentially clinically useful prognostic marker for prostate cancer. Immunohistochemical analyses revealed positive nuclear KPNA2 staining in 68.3% of 7964 interpretable prostate cancers treated by radical prostatectomy. One earlier study performing KPNA2 IHC on a prostate cancer TMA described nuclear KPNA2 expression in 47% of 606 interpretable prostate cancers. 4 The slightly divergent results between this and our study are most likely due to differences in IHC protocols and scoring systems. For example, a rabbit antibody from Abcam was used for KPNA2 detection in our study, whereas Mortezavi et al 4 used a primary goat antibody from Santa Cruz Biotechnology. Also, the scoring system varied markedly. In the study of Mortezavi et al, 4 the median nuclear KPNA2 immunoreactivity in prostatectomy cases (median 0%) was chosen as cutoff, and accordingly, positive nuclear KPNA2 immunoreactivity was defined as nuclear staining in at least 0.1% of target cells. In our study, an established predefined score was used that was built for each tissue spot from the two parameters, the staining intensity (0, 1 þ , 2 þ and 3 þ ) and the fraction of positive tumor cells. [23] [24] [25] Our scoring system is based on the fact that the staining intensity is less reliable than the fraction of stained tumor cells. It is important to note that fixation-related variations of the staining intensity are an inherent feature of IHC experiments. For example, a 2 þ staining intensity can indicate true medium-level protein expression under optimal fixation conditions, but might as well result from 'understaining' of high-level expression in case of suboptimal fixation. In contrast, the fraction of stained tumors cells is virtually not affected by the fixation quality. Our scoring system was defined to accomodate these facts. For example, a 1 þ cancer with 70% stained tumor cells is considered 'moderate' because we consider the high fraction of stained cells more important than the low staining intensity, which might be due to poor immunoreactivity. Vice versa, a 2 þ cancer with r30% stained cells is considered 'weak', as it has only a small fraction of positive tumors cells, although the tissue sample was probably optimally immunoreactive. However, the thresholds of 30-70% were selected almost arbitrarily based on the experience that they provide solid results in terms of detecting 24 The strong association of high-level KPNA2 staining with early PSA recurrence represents the most significant finding of this study. That the prognostic nature of high KPNA2 expression levels was independent of powerful prognostic factors such as Gleason grade, tumor stage and surgical margin status ( Figure 7) is remarkable, especially since KPNA2 expression was only analyzed in a minute tissue specimen measuring 0.6 mm per tumor.
It has been suggested before that the analysis of multiple cores per tumor specimen could improve the representativity of TMA studies. 28 This recommendation was based on a better concordance of large section findings with TMA data, if 3-4 cores were utilized per cancer as compared with the use of only one sample. However, these findings were based on the assumption that significant heterogeneity may exist within the tissue represented by a standard 3 Â 4 cm 2 paraffin block, and that large section analysis is the method of choice to estimate tumor heterogeneity. In our opinion, this assumption is highly disputable. We have shown earlier that the TMA format is generally superior over large section studies to reveal associations between molecular markers and the clinical course. In this study, we compared TMA and large section findings of p53, ER and PR in breast cancer, and demonstrated that overinterpretation of focal p53 positivity in large sections obscured the established prognostic relevance of p53, which was, however, perfectly found in the TMA format. 29 More recently, we extended these analyses to prostate cancer and studied the impact of the number of cores on the prognostic impact of Ki-67 and p53 in prostate cancer in detail. 30 In this study, 1-3 cores of a subset (n ¼ 3261) of the tumors of our current prostate cancer TMA was analyzed. The results revealed that the same significant associations between Ki-67 or p53 expression and increased tumor stage high Gleason grade or early PSA are found irrespective Karyopherin a 2 in prostate cancer of whether the three tissue cores were analyzed separately or a combined result was generated from the three cores. These data demonstrate that the use of multiple cores in a TMA does not necessarily increase the ability to identify associations of biomarkers with tumor phenotype and prognosis. Lately, we introduced our 'heterogeneity TMA platform' for identification of intra-and interfocal heterogenity of ERG fusion in prostate cancer. 31 The rational of this TMA format was based on the hypothesis that multiple subclones arise during cancer progression, and that these subclones may only be identified when the entire tumor bulk is analyzed rather than a single, preselected tumor block. For this study, we manufactured a TMA from the radical prostatectomy specimens of 190 patients. Each prostate was completely dissected, and all tissue blocks were inspected for the presence of cancer. Tissue punches were taken from 10 different remote tumor-containing blocks of each prostate, and all 1900 tissue punches were assembled in one TMA. Each prostate was also inspected for the presence of multiple independent tumor foci according to the established criteria. 32 In brief, the results of this study showed that ERG expression was frequently (42% of patients) heterogeneous across the 10 cores, whereas only 16% of patients had tumors with homogeneous ERG positivity. ERG heterogeneity was within one tumor focus (intrafocal heterogeneity) in 69 cases (93% of heterogeneous cases) and between different tumor foci (interfocal heterogeneity) in 5 cases (7%). Importantly, heterogeneity within one tissue block was found only in 4 (0.5%) tissue spots out of 4700 ERG-positive tissue spots from 103 different patients, with the findings of the TMA cores being validated by large section analysis in 14 cases.
Taken together, the results of these studies clearly demonstrate that TMAs are superior to large section studies for identifying clinically relevant associations, that multiple cores taken from the same donor block do not increase the power of such analyses and that relevant heterogenity (ie, coexistence of ERG-negative and -positive tumor subclones) can only be reliably identified if the entire tumor bulk is analyzed, but not if the analysis is limited to the small piece of tumor typically represented in a standard 3 Â 4 cm 2 tissue block.
In line with our results, Mortezavi et al 4 had also suggested KPNA2 expression as an independent prognosticator for biochemical recurrence. From these data it appears possible that KPNA2 expression may serve as an even more powerful prognostic biomarker in a preoperative setting where definitive tumor stage, Gleason grade and surgical margin status are unavailable. If molecular analyses are applied on core needle biopsies, the quantity of analyzable cancer tissue is comparable to a TMA analysis (or even larger). In an attempt to model a preoperative scenario, we had indeed found an even stronger independent impact of KPNA2 staining if analyzed together with preoperative PSA and biopsy Gleason grade. It is worth noting that the Gleason grading has substantial limitations if determined on biopsies. The Gleason grade as determined on core needle biopsies reflects the final Gleason grade obtained on the resection specimen in only about 65% with undergrading representing the most frequent problem on needle biopsies. 33 It appears likely that molecular features such as KPNA2 measurement will be even more helpful in settings with suboptimal histology data.
The biological function of KPNA2 is consistent with a significant role for cancer development and progression. Karyopherins mediate the nuclear import of various factors with relevance for prostate cancer such as androgen receptor, MYC, BCAR1 and p53. [34] [35] [36] [37] Accordingly, functional analyses on cell lines have suggested an oncogenic function of KPNA2 overexpression in promoting proliferation, viability and migration of cancer cells. [4] [5] [6] [7] Recent studies linking high KPNA2 expression to adverse clinical outcome in breast 8 and ovarian cancer, 10 melanoma, 9 and astrocytoma 11 provide further clinical evidence for a strong role of KPNA2 in cancer biology. That aberrations in molecules regulating nuclear import of tumorrelevant proteins can have a pivotal role in cancer cells is also supported by the recent observation that overexpression of Ran, another important protein of the nuclear import machinery, is linked to adverse tumor phenotype in breast and lung cancers. 38 A further aim of this study was to analyze whether KPNA2 expression is linked to key genomic alterations in prostate cancers by taking advantage of our TMA-attached database. About half of prostate cancers carry gene fusions linking the androgenregulated gene TMPRSS2 with transcription factors of the ETS family. 39 As a result of this rearrangement, ERG becomes androgen regulated and massively overexpressed. Our data demonstrate that KPNA2 expression is significantly associated with positive ERG status. Finding this association by two independent approaches for ERG fusion detection (IHC/FISH) largely excludes a falsepositive association due to inefficient immunostaining for both KPNA2 and ERG in a subset of damaged non-reactive tissues. Activation of ERG expression in prostate epithelial cells results in aberrant activation of different signaling cascades involved in the regulation of cell adhesion, matrix remodeling and signal transduction. [40] [41] [42] [43] It is tempting to speculate that the higher KPNA2 expression in ERG-positive than in ERG-negative cancers may be driven by an increased requirement for nuclear transportation capacity in these tumors. For example, several signaling cascades, such as the WNT and TGF-b pathways, which are known to be activated by ERG, 40, 41, 44 , rely on efficient nuclear import of their effector molecules, including b-catenin and SMAD. 45, 46 Further subgroup analyses involved tumor populations defined by genomic deletions that are known to be tightly linked to the ERG status. In particular, deletions at 3p13 and PTEN occur in ERG-positive and deletions of 5q21 and 6q15 in ERG-negative prostate cancers. [12] [13] [14] [15] [16] [17] [18] [19] Interestingly, KPNA2 staining was tightly linked to PTEN and 6q15 deletions in both ERG-negative and -positive cancers. These findings might suggest that either activation of a pathway that also induces strong KPNA2 expression may facilitate PTEN and 6q15 inactivation, or PTEN and 6q15 inactivation may facilitate the development of certain molecular features, eventually leading to strong KPNA2 expression. Evidence for the latter hypothesis comes from the established functional relationship between PTEN deletion and increased PI3K/AKT signaling, 47 which has been shown to enhance both the activity and capacity of the nucleocytoplasmic transportation machinery. 48, 49 The existence of rearrangements involving alternative ETS family members in 'fusion-type' prostate cancer, which are undetectable by ERG IHC, offers an alternative explanation for the strong association of PTEN loss with KPNA2 expression in ERGnegative cancers. PTEN deletions are known to be very tightly linked to ERG-positive cancer. 50 In our cohort, 29.1% of ERG-positive but only 10.7% of ERG-negative cancers are PTEN deleted. 17 Although experimental proof is lacking, one could speculate that PTEN deletions are also markedly increased in these 5-10% of 'fusion-type' prostate cancers having alternate rearrangements not leading to ERG overexpression. If so, the strong association of KPNA2 overexpression with fusion-type prostate cancer could cause the observed association of KPNA2 and PTEN deletions in ERG-negative cancers.
In summary, our study identified a strong link of high KPNA2 expression with early PSA recurrence, which was independent of Gleason grade, tumor stage, margin status and preoperative PSA level in a series of more than 6000 interpretable cancers. The even stronger independent prognostic impact of KPNA2 expression in a setting using only parameters that are preoperatively available raises the possibility that measurement of KPNA2 expression alone or in combination with other molecular features might result in clinically useful information.
